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Abstract. In this article, the antibiofilm activity and physicochemical properties of graphene oxide (GO) 
nanoribbons, which have been among the most exciting materials, were studied by measuring the ratio of killed to 
alive bacteria incubated with these nanomaterials. Our objective was to determine the related physicochemical and 
antibiofilm properties of graphene oxide nanoribbons. We hypothesized that the physicochemical properties of 
graphene oxide nanoribbons could affect their antibiofilm activity. A combination of spectroscopic and microscopic 
measurements of the samples allowed us to determine their physicochemical properties affecting the biofilms. Our 
work includes information on the surface properties of these materials related to their incubation with the biofilms. 
The Fourier transform infrared spectroscopy showed the vibrations of OH groups of water molecules adsorbed on 
graphene oxide nanoribbons. The results show the high antibiofilm activity of the graphene oxide nanoribbons. The 
fluorescence confocal microscopy revealed that 50 % ± 3 % of the total number of bacteria were killed with these 
nanomaterials. The incubation of graphene oxide nanoribbons with bacterial biofilms resulted in the appearance of 
the NO2-, NO3- peaks in the negative mode mass spectrum. The attenuation of the O- and OH- peaks were attributed to 
the interactions of the samples with the biofilms. Our study gives more evidence of the practical value of graphene 
oxide nanoribbons in killing bacteria related to their surface physical properties and the potential of these 
nanomaterials for materials science and biomedical applications. 
Keywords: nanomaterials, bacterial biofilm, Fourier transform, infrared spectroscopy, transmission electron 
microscopy, time-of-flight secondary ion mass spectrometry, confocal microscopy. 
1 Introduction 
The materials science has attracted many researchers 
in recent years. Nanomaterials are among the materials 
that have unusual physical and biological properties. 
These specific materials have a size of less than 100 nm, 
which gives the unique advantage of penetration to small 
biosystems such as bacterial biofilms. 
The emergence of multi-drug-resistant bacteria is a 
great challenge for which several antibiotics have been 
used both inside and outside of medicine. 
Microorganism, such as bacteria, can survive exposure to 
an antibiotic due to their antibiotic resistance [1, 2]. 
The ability of bacteria to develop antibiotic resistance 
and colonize biotic surfaces by forming biofilms is a 
great challenge for public health and the environment. 
Most infections causing bacteria in hospitals are resistant 
to at least one of the drugs most used for treatment. Some 
microorganisms are resistant to all approved antibiotics, 
and they can only be treated with toxic drugs [3]. 
Nanomaterials have shown excellent potential for 
killing bacteria in recent research works. The bactericidal 
effects of these materials depend on their size and 
structure. 
Graphene nanoribbons are carbon-based nanomaterials 
that have attracted attention in the recent decade due to 
their appropriate properties such as flexibility and 
outstanding heat conductivity. Graphene oxide (GO) 
nanoribbons are the oxidized products of graphene 
nanoribbons with a similar composition. Although these 
nanomaterials have been studied during recent years, 
their surface properties have not been wholly related to 
their antibiofilm properties. The change in the surface 
properties of these nanomaterials due to their incubation 
with bacterial biofilms is a critical issue to be 
investigated. 
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2 Literature Review 
Bacterial biofilm is a three-dimensional 
microenvironment that efficiently protects the bacteria 
with a diverse physical structure composed of the 
extracellular polymeric substances (EPS) in the matrix, 
such as polysaccharides, proteins, nucleic acids, and 
lipids [4, 5]. For example, Streptococcus has neutral 
polysaccharides [6], whereas Pseudomonas and 
Staphylococcus have polyanionic and polycationic 
polysaccharides, respectively [7, 8]. The EPS are even 
diverse within a species of bacteria. For example, 
polysaccharides from various strains of Streptococcus 
thermophilus have different monomer compositions and 
ratios and possess different molecular masses [9]. The 
different interactions, synergistic or antagonistic, between 
members of the bacterial communities in the biofilm, can 
shift the bacterial population from health to disease [10]. 
Graphene nanoribbons are the strips of graphene with 
a high length-to-width ratio and straight edges [11]. 
Microfabrication on graphite surfaces followed by 
exfoliation has been used for the preparation of graphene 
[12]. Other techniques for the preparation of graphene are 
as follows: exfoliation of bulk graphite in the presence of 
surfactants [13], or plasma etching of multiwalled carbon 
nanotubes (MWCNTs) in a layer of the protective 
polymer [14]. 
Because of the oxygen-containing functionalities such 
as carbonyls, carboxyls, epoxides, and hydroxyls at their 
edges and surface [15], GO nanoribbons are highly 
soluble in water and polar organic solvents. The cytotoxic 
effects of these nanomaterials were investigated 
previously. This study revealed the concentration-
dependent cytotoxicity of these nanomaterials [16]. 
Streptococcus mutans (S. mutans) includes a variety of 
Gram-positive strains that evolve in close association 
with the human host [17]. The easy access to oral samples 
from human volunteers and the ability to identify the 
significant contributors to health and disease has led to 
discovering some bacterial interactions due to the 
formation of oral biofilms. S. mutans is an oral pathogen 
that is found on the teeth [18]. This agent of human 
dental caries has the capacity to produce large quantities 
of organic acids and outcompete non-cariogenic 
commensal species at low pH conditions [19–23]. The 
antibiofilm activity of GO nanoribbons has not been 
related to the physicochemical properties of these 
nanomaterials, previously [24–26]. 
In this paper, the antibiofilm effect of GO nanoribbons 
related to their surface physicochemical properties is 
reported. This investigation confirms the potential of 
these nanomaterials for further use in biomedical 
applications. 
3 Research Methodology 
The preparation of Trypticase yeast extract (TYE) 
medium, solutions of glucose and sucrose (Difco), 
phosphate-buffered saline (PBS) buffer (pH 7.2) was 
reported in our previous work [27]. 2 mg/ml GO 
nanoribbons were purchased from Sigma. 
The preparation of the biofilms and their staining were 
explained in our previous work [27]. 
After 4 hours of incubating the bacteria in the 
Fluorescence Correlations Spectroscopy (FCS) cells with 
the GO nanoribbons, BacLight kit solutions were used to 
determine the ratio of dead to living cells. The 
preparation of the kit solutions and imaging of bacterial 
biofilms after their incubation with GO nanoribbons were 
previously described. A confocal laser scanning 
microscope (Leica TCS SP5) was used for imaging [27]. 
The biofilms that were not incubated with GO 
nanoribbons were used as control. The experiments of the 
antibiofilm effect of GO were carried out six times in 
triplicata. 
A transmission electron microscope (TEM) JEOL JEM 
2100F was used for the study of the electronic structure 
of GO nanoribbons [28]. 
A Thermo Scientific model Perkin Elmer spectrum 65 
FTIR spectrometer with an attenuated total absorbance 
probe was used in the range of 600-4000 cm-1 available 
on the equipment for the analysis of GO nanoribbons and 
FTIR spectra at 4 cm-1 resolution were recorded with 32 
scans co-added to improve the signal to noise ratio (S/N) 
[27, 29]. 
Positive and negative ion spectra were obtained on an 
ION-TOF IV time-of-flight secondary ion mass 
spectrometer (TOF-SIMS) as previously described [27, 
30]. 
The Student’s t-test was used to compare one sample 
mean on a measure with another sample mean on the 
same measure. The p-value and confidence level were 
determined. The outcome of the test was used to draw 
inferences about how different the samples were from 
each other. The p-values were obtained to check the 
patterns of the interactions among the variables of 
experiments. A p-value of less than 0.05 was considered 
statistically significant for our data [31]. 
4 Results 
4.1 FTIR analysis of GO nanoribbons 
The peaks in the FTIR spectra of GO nanoribbons 
before and after their incubation with bacterial biofilms 
were determined. Figure 1 shows the FTIR spectrum of 
GO nanoribbons. 
Broadband and a sharp peak were observed at 
3350 cm−1 and 1650 cm−1. These peaks were attributed to 
the OH stretching, and bending vibrations of water 
molecules adsorbed on GO nanoribbons, respectively 
[32]. The same peaks appeared in the spectrum of the 
samples after incubation with bacterial biofilms. 
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Figure 1 – FTIR spectrum of GO nanoribbons including  
broadband at 3350 cm−1 and a sharp peak at 1650 cm−1 
corresponding to OH stretching and bending vibrations  
of water molecules, respectively 
The intensity of the broadband at 3350 cm−1 decreased 
in the spectrum of the sample incubated with the 
biofilms, whereas the intensity of the sharp peak at 1650 
cm−1 increased due to the incubation of the samples with 
the bacterial medium (results not shown). 
Figure 2 shows the peak intensity ratios of the spectra 
of GO nanoribbons before and after incubation with the 
biofilms. 
 
Figure 2 – The peak intensity ratios of the spectrum  
of GO nanoribbons after incubation with the biofilms to that  
of the spectrum of the samples before incubation  
with the bacterial medium 
The peak intensity ratios of the OH bending and 
stretching vibrations of water molecules adsorbed on GO 
nanoribbons are indicated with 1 and 2, respectively. 
4.2 TEM imaging of GO nanoribbons 
The TEM imaging of GO nanoribbons showed their 
planar structure. The nano-sized crystalline layers of GO 
bent on themselves were observed on carbon support 
(Figure 3). 
The GO nanoribbons were highly electron transparent. 
In Figure 3a, several folded sheets of these nanomaterials 
are observed. Figure 3b shows the nanometric size of the 
sheet border of the sample. The estimated thickness of the 
sheet could vary between 5 nm and 20 nm. 
 
  
a b 
Figure 3 – TEM images of (a) folded sheets  
and (b) sheet border of GO nanoribbons 
The surface properties and bactericidal effects of the 
GO nanoribbons using TOF-SIMS and confocal 
microscopy for imaging bacterial biofilms were 
investigated, respectively. 
4.3 Fluorescence imaging of GO nanoribbons 
Figure 4 shows the antibiofilm activity of the GO 
nanoribbons. 
The average thickness of the biofilms was about 
10 µm. The dispersion of microcolonies was irregular in 
exopolymers. The dead and alive bacteria were colored in 
red and green, respectively. 
 
  
a b 
 
c 
Figure 4 – Antibiofilm activity of GO nanoribbons:  
a – green illumination only; b – red illumination only;  
c – overlay (both laser excitation wavelengths) 
Figure 5 shows the amount of dead and alive bacteria 
without and with GO nanoribbons in the biofilms. 
As seen in Figure 5, a considerable amount of bacteria 
was killed after 4h of incubation with the GO 
nanoribbons. 
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Figure 5 – Amount of dead and alive bacteria in the biofilms 
without GO nanoribbons (a) and with GO nanoribbons (b) 
The antibiofilm activity of the samples with GO 
nanoribbons was higher than the one without these 
nanomaterials (controls). The difference in the activity of 
the samples was 50 % ± 3 %. The high bactericidal 
activity of these nanomaterials showed a significant effect 
on biofilms. 
4.4 TOF-SIMS analysis 
Figure 6 shows the TOF-SIMS spectra of the GO 
nanoribbons before and after incubation with the 
biofilms. 
Table 1 represents the intensities of the OH-, O-, NO2- 
and NO3- peaks of GO nanoribbons. 
The hydrocarbon peaks and a peak at 23 m/e attributed 
to Na+ were observed in the positive mode spectrum  
(Fig. 6 a). 
Table 1 – The intensities of the OH-, O-, NO2- and NO3- peaks 
of GO nanoribbons before (second row) and after their 
incubation with bacterial biofilms (third row) 
OH- O- NO2- NO3- 
1.5·105 2.0·105 N/A* N/A 
1.1·105 1.6·105 2.5·104 1.6·105 
*N/A (not applicable) corresponds to the sample that was not 
incubated with biofilm as the NO2- and NO3- peaks were not 
present in its negative mode spectrum 
The primary peaks O- (m/e 16), OH- (m/e 17), C2- (m/e 
24), C2H- (m/e 25) and Cl- (m/e 35) were also observed in 
the negative mode spectrum (Fig. 6 b). The peaks O2- 
(m/e 32) and Cl- (m/e 37) were observed in the 
logarithmic negative mode spectrum. The peaks at 46 m/e 
and 62 m/e were attributed to NO2- and NO3-, respectively 
(Fig. 6 d). 
No significant change was observed in the positive 
mode of the spectrum of the GO nanoribbons after 
incubation with the biofilms as the peaks attributed to 
hydrocarbons adsorbed on the surface of samples masked 
other peaks (Fig. 6 c). In the negative mode of the 
spectrum after incubation with the biofilms, the NO2- 
peak and the NO3- peak appeared. Moreover, the 
measured intensities of the OH- and O- peaks were 
attenuated in the presence of the biofilms (20 % 
attenuation), which was attributed to the interactions of 
the samples with the biofilms (Fig. 6 d). 
Figure 7 shows the OH-/O- and NO3-/NO2- ratios of the 
peak intensity in TOF-SIMS spectra. 
 
 
  
a b 
 
 
c d 
Figure 6 – Positive mode and negative mode TOF-SIMS spectra of the GO nanoribbons (a)  
and (b) before and (c) and (d) after incubation with the biofilms 
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Figure 7 – The OH-/O- and NO3-/NO2- ratios of the peak 
intensity in TOF-SIMS spectra. The data for samples before  
and after incubation with biofilms are represented  
in blue and red, respectively 
As shown in Figure 7, the OH-/O- ratios of the peak 
intensities in the negative mode spectra did not have a 
significant change before and after incubation of samples 
with biofilms. A considerable value was observed for the 
NO3-/NO2- ratio after incubation with biofilms as the 
peaks were absent in the spectrum before incubation. 
5 Discussion 
It was expected that GO nanoribbons could have a 
strong antibiofilm activity as their surface was oxidized 
according to their TOF-SIMS negative mode spectrum. 
Therefore, the imaging of biofilms with confocal 
microscopy was performed to investigate their 
antibiofilm activity. 
GO nanoribbons are being viewed as interesting 
nanomaterials in microbiology. The synthesis of these 
nanomaterials from the longitudinal unraveling of 
MWCNTs using a one‐step, one‐pot pressurized 
oxidation reaction or the splitting of MWCNTs by 
intercalation of potassium metal at elevated temperature 
help prepare nanomaterials with unique physicochemical 
properties. 
FTIR spectroscopy is one of the most important 
techniques for the study of the chemical composition of 
materials.  The decrease in the intensity of the band at 
3350 cm−1 and the increase in the intensity of the peak at 
1650 cm−1 after the incubation of the GO nanoribbons 
with the biofilms were attributed to the interaction of 
these nanomaterials with the biofilms (Fig. 1). The 
investigation of the peak intensity ratios is an appropriate 
method to determine if any change has occurred in the 
samples or on their surface. Our investigation revealed 
the variations of the OH bending and stretching 
vibrations of water molecules adsorbed on GO 
nanoribbons (Fig. 2). The strong hydrophilicity of these 
nanomaterials makes them appropriate for enhancing 
water flux in membrane applications [33]. 
The size and morphology of nanomaterials are key 
factors that have an important role in their bactericidal 
effects. The folded sheets of GO nanoribbons and their 
nanometric size were investigated in this study. The 
thickness of the sheets was not the same and could vary 
on different spots (Fig. 3). Several studies revealed that 
the antibacterial activity was particle size-dependent. 
Some of the nanomaterials also exhibit a shape-dependent 
interaction with the bacterial cells [34–36]. It can help 
explain why the antibiofilm effect of the GO 
nanoribbons, that do not have a spherical shape, on 
S. mutans is higher than that of the spherical-shaped 
nanoparticles. 
Our previous study on S. mutans revealed that the 
average thickness of the biofilms after extensive washing 
was about 15 µm [27]. The average thickness of the 
biofilms incubated with the GO nanoribbons was 10 µm 
(Fig. 4). The incubation with these nanomaterials reduced 
the size of the biofilms. This is due to the toxicity effect 
of the GO nanoribbons and the fact that the bacteria in the 
biofilm structure did not tolerate this incubation (Fig. 5). 
Previously, we studied the surface properties of a 
sample of GO nanoribbons prepared from MWCNTs by 
TOF-SIMS. Our work showed some sulfur-containing 
impurities due to the SO- and SO2- ions observed in the 
negative mode spectra [16]. We did not observe these 
ions in the negative mode spectra of the GO nanoribbons 
(Fig. 6). This result shows a cleaner surface of the 
product purchased from Sigma in comparison to that of 
the previously studied sample that was synthesized using 
an oxidative unzipping of MWCNTs. Our investigation 
on the peak intensity ratios of GO nanoribbons revealed 
that the OH-/O- ratio was the same whereas the  
NO3-/NO2- ratio could vary before and after incubation 
with biofilms. The presence of nitrogen atoms on the 
surface of these nanomaterials is attributed to the amino 
acids that are found in the biofilms and can be observed 
in the vicinity of the sheets of GO nanoribbons (Fig. 7). 
The change in the peak intensity ratio highlights the 
chemical modification on a surface of materials [37, 38]. 
The surface charge of the GO nanoribbons also has an 
additional effect on their antibiofilm activity. In fact, the 
oxidative stress on bacterial cells in the biofilms can be 
due to the surface properties of these nanomaterials. The 
smooth surface of GO nanoribbons can prevent the 
adhesion of bacteria to a moderate level, which allows the 
initial aggregation of bacteria only at the place of seeding 
the colony and mediating the growth locally, creating a 
partially covered surface and inhibiting growth [24]. 
Gram-positive and Gram-negative bacterial strains 
have different membrane structures. A thin peptidoglycan 
cell wall surrounds gram-negative bacteria. This wall, in 
turn, is surrounded by an outer membrane containing 
lipopolysaccharide. Gram-positive bacteria lack an outer 
membrane. However, these bacterial strains are 
surrounded by layers of peptidoglycan many times 
thicker than is found in the Gram-negatives [39, 40]. 
When incubated with the biofilms, the GO nanoribbons 
first penetrate the biofilms and then to the bacterial 
membrane. It is expected that these nanomaterials have 
different penetration rates depending on the type of 
bacterial strains. In other words, their penetration time to 
the S. mutans membrane is expected to be different from 
that of the other bacterial strains. The study of the 
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penetration of GO nanoribbons into the membrane of this 
bacterial strain is required to understand the antibiofilm 
activity of these nanomaterials better. 
Reactive oxygen species (ROS) are produced when 
metallic oxide nanoparticles penetrate bacteria. Several 
studies revealed that the production of ROS induces 
genetic variability and, with the potential to cause 
oxidative damage to DNA, proteins, lipids, and other 
cellular components, promote cell death in specific 
biofilm regions [41–43]. Further investigation is needed 
to determine which ROS is produced in S. mutans after 
incubation with the GO nanoribbons and how much it 
depends on the incubation time with the biofilm. 
Recent investigations have been carried out on the 
structure, morphology, and physical properties of 
materials made of W, Ag, Ta, and Ni [44, 45, 46, 47, 48, 
49, 50] and the model of their spin-polarized electron 
transfer [51]. The antibiofilm activities of these materials 
are required to be investigated. 
6 Conclusions 
This study reports the antibiofilm effect of GO 
nanoribbons against the pathogens S. mutans related to 
their physicochemical properties. FTIR, TEM, and TOF-
SIMS characterized these nanomaterials. Their 
characterization by TEM showed their nanosized planar 
structure with folded sheets. The FTIR spectroscopy and 
TOF-SIMS confirmed the presence of water molecules 
and oxygen-containing ions on GO nanoribbons, 
respectively. As expected, we observed the folded 
structure of the samples. Incubation with GO nanoribbons 
reduced the size of the biofilms. 
Moreover, the GO nanoribbons had a high bactericidal 
effect on biofilms. This could be due to the presence of 
the oxygen atoms on the surface of these nanomaterials. 
The incubation of GO nanoribbons with bacterial 
biofilms affected the physicochemical properties of the 
samples. The bacteridical effect of these nanomaterials 
with antimicrobial properties could represent a successful 
alternative for killing bacteria with the biofilm formation 
on medical devices. These nanomaterials can also be used 
with enhanced bactericidal effects on clinically relevant 
materials such as the tools for oral biopsies and lavage 
extracts as well as for preparing sterile surfaces for 
medical applications. 
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